Abstract: NagZ is an N-acetyl-b-D-glucosaminidase that participates in the peptidoglycan (PG) recycling pathway of Gram-negative bacteria by removing N-acetyl-glucosamine (GlcNAc) from PG fragments that have been excised from the cell wall during growth. The 1,6-anhydromuramoyl-peptide products generated by NagZ activate b-lactam resistance in many Gram-negative bacteria by inducing the expression of AmpC b-lactamase. Blocking NagZ activity can thereby suppress blactam antibiotic resistance in these bacteria. The NagZ active site is dynamic and it accommodates distortion of the glycan substrate during catalysis using a mobile catalytic loop that carries a histidine residue which serves as the active site general acid/base catalyst. Here, we show that flexibility of this catalytic loop also accommodates structural differences in small molecule inhibitors of NagZ, which could be exploited to improve inhibitor specificity. X-ray structures of NagZ bound to the potent yet non-selective N-acetyl-b-glucosaminidase inhibitor PUGNAc (O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino-N-phenylcarbamate), and two NagZ-selective inhibitors -EtBuPUG, a PUGNAc derivative bearing a 2-N-ethylbutyryl group, and MM-156, a 3-N-butyryl trihydroxyazepane, revealed that the phenylcarbamate moiety of PUGNAc and EtBuPUG completely displaces the catalytic loop from the NagZ active site to yield a catalytically incompetent form of the enzyme. In contrast, the catalytic loop was found positioned in the catalytically active conformation within the NagZ active site when bound to MM-156, which lacks the phenylcarbamate extension. Displacement of the catalytic loop by PUGNAc and its N-acyl derivative EtBuPUG alters Statement: NagZ is an enzyme within the peptidoglycan recycling pathway required for the activation of AmpC b-lactamase production in several pathogenic Gram-negative bacteria. AmpC confers resistance to numerous clinically important b-lactam antibiotics. Thus, blocking NagZ activity with small-molecule inhibitors has garnered interest as a therapeutic strategy to suppress AmpCmediated b-lactam resistance. Here, we provide a clear structural framework for improving the potency and selectivity of NagZ inhibitors for use in enhancing the efficacy of b-lactam antibiotics. the active site conformation of NagZ, which presents an additional strategy to improve the potency and specificity of NagZ inhibitors.
Introduction
Induction of AmpC b-lactamase expression is regulated by metabolites of peptidoglycan (PG) recycling in many Gram-negative bacteria. Blocking PG recycling is therefore a potential strategy to suppress AmpC-mediated b-lactam resistance in these bacteria. 1, 2 NagZ is an exo-N-acetyl-b-glucosaminidase found within the Gram-negative PG recycling pathway that removes GlcNAc from GlcNAc-1,6-anhydromuramoyl-peptides that have been excised from the PG layer for recycling [ Fig. 1(A) ]. 2, 3 When bacteria are exposed to b-lactams, PG metabolism is disrupted and the PG recycling intermediate generated by NagZ, 1,6-anhydromuramoyl-peptide, accumulates to levels sufficient to convert the transcriptional regulator AmpR into an activator of ampC gene expression. [4] [5] [6] Blocking NagZ function, either by genetic inactivation 7, 8 or using small molecule inhibitors 1, [7] [8] [9] [10] [11] has been found to suppress ampC expression and increase the susceptibility of inducible AmpC expressing bacteria to b-lactams. Thus, blocking NagZ activity with small molecule inhibitors is a promising strategy to suppress AmpC mediated b-lactam antibiotic resistance in Gramnegative bacteria. NagZ enzymes belong to the glycoside hydrolase family 3 (GH3) of the CAZy classification system. 12, 13 They possess a conserved active site aspartate that serves as a catalytic nucleophile 14 and a unique consensus motif that contains a histidine general acid/base catalyst. 15, 16 The two residues participate in removing GlcNAc from GlcNAc-1,6-anhydromuramoyl-peptide using a two-step doubledisplacement mechanism. 14, 17 In the first step, the aspartate acts as a nucleophile to attack the anomeric carbon of GlcNAc, while the histidine works as a general acid to assist the departure of the anhydromuramoyl-peptide leaving group. This results in a covalent glycosyl-enzyme intermediate that is broken down in the second step, where the catalytic histidine now acts as a general base to activate an incoming water that cleaves the glycosylenzyme linkage and releases GlcNAc from the enzyme with retention of anomeric stereochemistry. Use of histidine as a general acid/base, as opposed to glutamate or aspartate, 18 appears to enable GH3
N-acetyl-b-glucosaminidases to accommodate a negatively charged phosphate in the active site, that can take the place of water to lead to the formation of GlcNAc-1-P as a product. 19, 20 The presence of a histidine general acid/base, however, is not diagnostic of phosphorolytic activity in GH3 enzymes 21 and it remains to be determined which products most GH3 NagZ enzymes produce. In contrast to GH3 NagZ enzymes, functionally related human N-acetyl-b-glucosaminidases from GH20 and GH84 use a substrate-assisted catalytic mechanism that does not proceed through a glycosyl-enzyme intermediate. 17, 22, 23 Instead, the carbonyl oxygen of the 2-acetamido group of the GlcNAc moiety acts as the nucleophile, attacking the anomeric carbon of the sugar to yield an oxazolinium ion intermediate. Departure of the leaving group is assisted by general acid catalysis from an active site carboxylic acid residue, which acts as a general base in a second step to activate an incoming water molecule that attacks the anomeric carbon of oxazolinium ion intermediate to release GlcNAc with retained anomeric stereochemistry. The mechanistic differences between GH3 NagZ and N-acetyl-b-glucosaminidases from GH20 and GH84 have been exploited to develop bacterial PG recycling inhibitors that selectively block NagZ over functionally related human enzymes from GH20 and GH84. 1, 24 N-acetyl-b-glucosaminidases from all three families are potently inhibited by the small molecule inhibitor PUGNAc 25, 26 [ Fig. 1(B) ]; however, the active site architectures of GH20 and GH84 differ sufficiently from NagZ to allow bulky substituents to be installed on the 2-acetamido group of PUGNAc to make the inhibitor selective for NagZ over GH20 and GH84 enzymes, 24 such as the PUGNAc derivative EtBuPUG [ Fig. 1(B) ]. 1, 27 The active sites of GH20 and GH84 N-acetyl-b-glucosaminidases must envelop the 2-acetamido group to guide it toward the anomeric center of GlcNAc, which leaves minimal space around this moiety for functionalization. 24 This is not the case for NagZ, where the 2-acetamido group projects into an open pocket in the NagZ active site, where functionalization of this moiety can be accommodated. 15, 24 Similarly, 3-acetamido-4,5,6-trihydroxyazepane (MM-124) 28 [ Fig. 1(B) ] is a general N-acetyl-b-glucosaminidase inhibitor that blocks the activity of NagZ, GH20 and GH84 enzymes. 9 Analogous to PUGNAc, addition of bulky substituents to the acetamido moiety of this inhibitor also makes it selective for NagZ over GH20 and GH84 enzymes as seen in MM-156 [ Fig. 1(B) ], 9 but less so as compared with PUGNAc.
Unlike the typically rigid active site structure of glycosidases, GH3 NagZ enzymes position their histidine general acid/base residue on a highly mobile loop that moves in and out of the active site during catalysis in coordination with substrate distortions that promote glycosidic bond cleavage. 16 Remarkably, the catalytic histidine can move as far as 20 Å away from the position it must adopt to participate in acid/base catalysis. 16 In this work, structural analyses of NagZ from the Gram-negative bacteria Burkholderia cenocepacia in complex with the inhibitors PUGNAc, EtBuPUG, and MM-156 reveal that in addition to an active site that can accommodate N-acyl substitutions that impart selectivity toward NagZ, the plasticity of the NagZ active site could also be exploited to improve the design of inhibitors that selectively bind NagZ over functionally related human N-acetyl-b-glucosaminidases.
Results and Discussion
The phenylcarbamate extension on PUGNAc and EtBuPUG displaces the catalytic loop from the BcNagZ active site
To investigate the effects of inhibitor binding on the orientation of the catalytic loop in BcNagZ, crystals of the enzyme were soaked with 1 mM PUGNAc, EtBu-PUG or MM-156 for 24 h and structures of the complexes determined by molecular replacement using an unliganded model of BcNagZ (PDB 4G6C) from which solvent had been removed. BcNagZ is a single domain enzyme that adopts a characteristic TIM-barrel (b/a) 8 ( , which is consistent with the distance between the analogous residues of most retaining glycosidases. 29 The position of the loop is also consistent with a previous structure of BcNagZ bound to the non-selective N-acetyl-b-glucosaminidase inhibitor 3-acetamido-4,5,6-trihydroxyazepane MM-124 (PDB ID: 4MSS) 9 and the product GlcNAc (PDB ID: 4GNV),
indicating that addition of a propyl extension off the 3-acetamido group does not affect correct positioning of the catalytic loop and His183 within the enzyme active site [ Fig. 3(A,B) ]. Moreover, the catalytic loop in these complexes adopts the same position as found in the GH3 NagZ from the Gram-positive bacteria Bacillus subtilis (BsNagZ) bound to GlcNAc-MurNAc substrate (PDB ID: 4GYJ), where the histidine (His234) of the catalytic loop of BsNagZ interacts directly with the glycosidic oxygen of the disaccharide through a 2.8 Å hydrogen bond [ Fig. 3(B) ]. 16 Unlike the single domain structure of NagZ enzymes of Gramnegative bacteria, BsNagZ is a two-domain enzyme, as are most NagZ enzymes from Gram-positive bacteria. Nevertheless, the flexibility of the catalytic loop and its ability to place the catalytic histidine within hydrogen bonding distance of the oxygen of the scissile glycosidic bond appears conserved in GH3 NagZ enzymes from both Gram-negative andpositive bacteria. 15, 16 In contrast to the lack of influence of MM124 or MM156 on the positioning of the catalytic loop within the active site of BcNagZ, both PUGNAc and EtBuPUG completely displace the catalytic loop from the enzyme active site [ Fig. 2(B) ]. Superposition of BcNagZ structures bound to NagZ selective inhibitors MM-156 and EtBuPUG reveal that the position of the phenylcarbamate extension off C1 of EtBuPUG (or PUGNAc) would result in a direct steric clash with His183 of the catalytic loop, which is likely responsible for displacing the loop from the active site (Fig. 4) . Interestingly, the N-acyl group of EtBuPUG, which occupies the same region in the active site as the propyl extension of the 3-acetamido group of MM156, was found to have no appreciable effect on the conformation of nearby residues in the enzyme, indicating that even though it is larger than the N-butyryl group of MM156, it does not participate in loop displacement. Additionally, MM-156 and EtBuPUG both have low micromolar binding affinities against NagZ enzymes from Gram-negative bacteria (K I 5 7 lM and 3 lM, respectively) 1, 9 and PUGNAc remains the most potent NagZ inhibitor known (K I 5 0.05 lM); 1 thus, displacement of the catalytic loop does not appear to incur a major binding penalty. The additional space in the active site that is opened up by the presence of the phenylcarbamate group on PUGNAc and EtBuPUG [ Fig. 2(B) ], and consequent displacement of the catalytic loop, could therefore be exploited to improve selectivity of these inhibitors for NagZ enzymes, such as the generation of a locked cyclic derivative where extensions off the 2-acetamido group could be linked to a phenylcarbamate group.
Molecular interactions not involving the catalytic loop of BcNagZ underlie the binding potency of the NagZ-selective inhibitors MM156 and EtBuPUG
The azepane of MM-156 and GlcNAc component of PUGNAc and EtBuPUG all bind similarly within the active site of BcNagZ active site (Fig. 4) . The azepane hydroxyl groups of MM-156 form several hydrogen-bonding interactions with the enzyme [ Fig. 3(A) 9 The propyl extension to the 3-acetamido group of MM-156 provides excellent selectivity for GH3 NagZ over GH20 N-acetyl-b-glucosaminidases (>1000-fold) and modest selectivity over GH84 N- acetyl-b-glucosaminidases (7-fold) due to the steric constraints of the active sites of GH20 and GH84 enzymes. 9 This extension also forms hydrophobic interactions within the BcNagZ binding pocket with residues Val136, Ile137 and Met257 [ Fig. 3(A) ]. Moreover, the pocket is able to accommodate even larger substituents as described below for EtBuPUG. EtBuPUG has excellent selectivity for NagZ over both GH20 (1000-fold) and GH84 (100-fold) N-acetyl-b-glucosaminidases, 1 which arises from its large, branched N-ethylbutyryl group [ Fig. 5(B) ]. Similar to the propyl extension on MM-156, the ethylbutyryl group of EtBuPUG extends into a pocket where it forms hydrophobic interactions with Val136, Ile137, and Met257 [ Fig. 5(B) ]. Notably, even though the ethylbutyryl extension is slightly larger than the propyl group on MM156, it does not significantly alter the conformation of the residues comprising the pocket into which it binds when compared with unliganded BcNagZ. The major conformational difference in BcNagZ that does arise from binding EtBuPUG or PUGNAc is the displacement of the catalytic loop by the phenylcarbamate extension, which forms a 2.7 Å hydrogen bonding interaction with Asp254 of the enzyme [ Fig. 5(B) ]. The presence of this interaction with Asp254 appears to restrict the phenylcarbamate extension from adopting an alternate conformation that might otherwise allow the catalytic loop to enter the active site, as observed for BsNagZ bound to PUGNAc 15 (see below). Additional interactions of PUGNAc and EtBuPUG with BcNagZ include a hydrogen-bonding interaction between the 2-acylamido group nitrogen and the active site nucleophile Asp253 as well as hydrogen bonding interactions between the enzyme and hydroxyl groups of the carbohydrate moiety of the inhibitor. Finally, the geometric resemblance of PUGNAc and EtBuPUG to the proposed oxocarbenium ion-like transition states that arise along the reaction coordinate is also believed to contribute significantly to binding potency of these inhibitors to NagZ enzymes.
1,19
The phenylcarbamate extension of PUGNAc adopts different conformations depending on the active site architecture of NagZ from Gramnegative versus Gram-positive bacteria
Crystal structures of NagZ enzymes from both Gramnegative and -positive bacteria have now been determined in complex with PUGNAc. 1, 15 While NagZ enzymes from Gram-negative bacteria are typically single-domain enzymes that adopt a TIM-barrel (b/a) 8 , NagZ enzymes from Gram-positive bacteria have a twodomain architecture; however, the N-terminal domain adopts a TIM-barrel fold that is conserved with NagZ enzymes from Gram-negative bacteria. 15 Although
Gram-positive bacteria lack the ampR-ampC system that is blocked by NagZ inhibitors, they do appear to have a PG recycling pathway in which NagZ participates. 30 Interestingly, superposing PUGNAc-bound complexes of BsNagZ and BcNagZ reveals that in the latter complex, the conformation of the phenylcarbamate extension of PUGNAc differs significantly from the conformation it adopts when bound to BsNagZ [ Fig.  6(A) ]. This difference likely arises due to the presence of Ala319 in BsNagZ, which replaces the aspartate in this position (Asp254) in BcNagZ. The alanine residue creates sufficient space for the phenylcarbamate of PUGNAc to adopt a conformation that permits the accommodation of the catalytic loop of BsNagZ within the active site and correctly places His234 for catalysis [ Fig. 6(A) ]. Conversely, in BcNagZ, Asp254 prevents the phenylcarbamate of PUGNAc from adopting such a conformation and instead forms a hydrogen bonding interaction with the nitrogen atom of the extension, which holds it in a conformation that does not allow the catalytic loop to enter the active site [ Fig. 6(A) ]. Interestingly, the phenylcarbamate extension within the BcNagZ active site adopts a nearly identical conformation when PUGNAc is bound to another single domain GH3 NagZ from the Gram-negative bacteria Vibrio cholerae (VcNagZ) and is within 3.6 Å of Asp243, the analogous residue of Asp254 in BcNagZ [ Fig. 6(B) ]. Multiple sequence alignments of GH3 NagZ enzymes from Gram-negative and -positive bacteria reveal Asp254 of BcNagZ (Asp243 VcNagZ) is highly conserved in Gram-negative bacteria. However, this position in NagZ enzymes from Gram-positive bacteria, while predominantly alanine, exhibits a higher degree of variability, including the presence of aspartate or cysteine (Fig. 7) . It is noteworthy that the phenylcarbamate extension of PUGNAc can adopt different conformations depending on differences in the active site architectures of NagZ enzymes from Gram-negative and -positive bacteria. Given that Asp254 of BcNagZ is highly conserved among NagZ enzymes from other Gram-negative bacteria, we predict the catalytic loop will be displaced by PUGNAc in these enzymes, whereas, in NagZ from Grampositive bacteria that have an alanine in this position, we expect the phenylcarbamate extension of PUGNAc will adopt a conformation that could allow the catalytic loop to enter the active site as observed for BsNagZ [ Fig. 6(A) ]. These findings reveal that amino acid heterogeneity exists within active site of NagZ enzymes from Gram-negative versus Grampositive bacteria. However, since the inducible AmpC system appears exclusive to Gram-negative bacteria, inhibitors that block this resistance mechanism should be optimized toward NagZ from Gramnegative bacteria.
Conclusions
Inhibiting NagZ activity with small molecule inhibitors has been shown to suppress AmpC-mediated blactam antibiotic resistance in Gram-negative bacteria by blocking PG recycling and the formation of PG recycling intermediates that induce ampC gene expression. Here, we demonstrate that the remarkable plasticity of NagZ enzymes enables them to adopt different conformations in response to various inhibitor designs. In the case of PUGNAc and its analogue EtBuPUG, the displacement of the catalytic loop by this inhibitor class opens up the entrance to the active site considerably (Fig. 2) . This could be exploited to develop new inhibitors with substituents that occupy the open space to significantly enhance selectivity and potency for bacterial NagZ enzymes over functional related human N-acetyl-b-glucosaminidases.
Materials and Methods

BcNagZ expression and purification
Escherichia coli BL21 (DE3) GOLD cells containing the expression plasmid pBCNagZ 9 were grown to OD 600 of 0.5 at 378C in 500-ml volumes of LB media supplemented with 35 lg/ml kanamycin, then induced with 1 mM isopropyl b-D-1-thiogalactopyranoside for 3 h at 288C. Cells were pelleted by centrifugation and stored at 2808C. Thawed pellets were resuspended in 20 ml lysis buffer (0.5 M NaCl, 5% glycerol, 25 mM HEPES pH 7, 1 lM PMSF), and the cells lysed using a French pressure cell press (Aminco). Following centrifugation, the soluble protein fraction of the lysate containing His-tagged BcNagZ was incubated with nickel-nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Canada) at 48C for 1 h, prior to loading on a gravity column. Resin-bound protein was subjected to washes with binding buffer (25 mM HEPES pH 7, 0.5 M NaCl and 5% glycerol) supplemented with 0, 10 and 20 mM imidazole, and eluted using wash buffer containing 250 mM imidazole. The eluted protein was dialyzed overnight against 2 L binding buffer, and concentrated to 13-20 mg/ml.
Crystallization and structure determination of BcNagZ with inhibitors
BcNagZ crystals were grown at 208C using the hanging drop vapour-diffusion method by mixing equal volumes of reservoir buffer (30-32% PEG8000, 0.1M MES pH 6.2-6.8) with protein solution (13-20 mg/ ml). The inhibitors MM-156, PUGNAc and EtBu-PUG were prepared as described. 9, 27 A single droplet containing several BcNagZ crystals in reservoir buffer was soaked for 24 h in MM-156, PUGNAc or EtBuPUG at final concentrations of 1 mM to obtain the protein-inhibitor complex. Prior to screening, crystals were cryo-protected in 30% PEG3500, 15% PEG8000 and 0.1M MES pH 6.6, and flash-cooled in liquid nitrogen. X-ray data for the EtBuPUG and PUGNAc-bound complexes were collected using a Rigaku R-AXIS IV11 detector and 007HF MicroMax X-ray generator at the University of Manitoba. Data for the BcNagZ-MM-156 complex were collected using beamline 08B1-1 at the Canadian Light Source (Saskatoon, Canada). The X-ray data were indexed using iMosflm, 31 then scaled and averaged using SCALA (CCP4 package). 32 The BcNagZ:inhibitor complex structures were determined by molecular replacement using PHASER (from within the PHENIX package) 33 and a structure of BcNagZ (PDB ID: 4G6C) from which solvent had been removed prior to use as the search model. The MR model was subsequently rebuilt using PHENIX.AU-TOBUILD. 33 The ligand restraint file for MM-156
and EtBuPUG was generated using PHENIX Figure 7 . Multiple sequence alignments of NagZ enzyme active site residues. Multiple sequence alignments are shown for a conserved active site region (boxed) within GH3 family NagZ proteins from Gram-negative species (A) and Gram-positive bacteria (B). Active site residues corresponding to Asp254 in BcNagZ are highly conserved in Gram-negative bacteria, while residues homologous to Ala319 in BsNagZ exhibit greater variability (positions shown by arrow).
eLBOW 33 and a model of the inhibitor was manually fitted into its electron density. Subsequent refinement of the complex and addition of solvent was carried out using PHENIX.REFINE 33 and COOT. 34 Crystallographic and refinement statistics are presented in Table I .
Multiple sequence alignments
The amino acid sequences of all GH3 family NagZ enzymes from Gram-positive bacteria, and selected Gram-negative species, were obtained from the CAZy database (http://www.cazy.org/). Multiple sequence alignments were performed comparing Gram-negative species, and Gram-positive species, respectively, using the Clustal Omega program from EMBL-EBI bioinformatics services (http://www.ebi. ac.uk/Tools/msa/clustalo/).
PDB accession codes
The atomic coordinates and structure factors for BcNagZ in complex with PUGNAc, EtBuPUG, and MM-156 have been deposited in the Protein Data Bank (http://wwpdb.org/) under the codes 5UTQ, 5UTP, and 5UTR, respectively. Values in parentheses refer to the high-resolution shell.
